Viruses maintain intimate interactions with the infected host cell to ensure productive virus infection. In some instances, these interactions result in the remodeling of the host cell to create a better environment for viral replication. For example, the DNA tumor viruses, such as simian virus 40 (SV40) and adenovirus, commonly induce cell cycle progression, specifically S phase, to support viral-DNA synthesis (20, 36) . To accomplish such goals, these viruses inactivate or modify specific cell cycle regulators. Thus, the early gene products of both SV40 and adenovirus are oncoproteins that inactivate the cell cycle regulators pRb and p53 through direct protein-protein association.
In contrast to the smaller DNA tumor viruses, other viruses such as herpes simplex virus (HSV) do not need to remodel the infected cell in this way to support viral-DNA synthesis. HSV, instead, maintains intimate interactions with the infected host cell to select between two modes of infection: lytic and latent. A key regulator of the lytic pathway is viral immediate-early (IE) gene expression (13, 38) . IE gene expression is controlled in part by the VP16-induced complex, a multiprotein-DNA complex that forms on HSV IE gene promoters and consists of the viral protein VP16, the cellular transcription activator Oct-1, and the cell proliferation factor HCF-1 (for host cell factor; reviewed in references 9 and 23).
HCF-1 (also known as HCF, C1, VCAF, and CFF) is a broadly expressed, abundant, chromatin-bound protein (15, 39, 40, 43) . In proliferating cells in culture, the majority of HCF-1 exists as a heterodimeric complex of amino-terminal (HCF-1 N ) and carboxy-terminal subunits derived from the proteolytic processing of a precursor HCF-1 polypeptide (15, 39, 41) . HCF-1 interaction with VP16 occurs through a ␤-propeller domain that resides within the first 380 amino acids of the HCF-1 N subunit (10, 16, 42) . This VP16 interaction domain is also necessary and sufficient for HCF-1 association with chromatin (43) , indicating that VP16 targets an important domain of HCF-1 to stimulate HSV lytic infection. HCF-1 was first shown to be a cell proliferation factor through the characterization of the tsBN67 cell line (8) , a temperature-sensitive derivative of BHK-21 hamster cells (22) . This cell line undergoes a reversible and stable cell proliferation arrest after 36 to 48 h at the nonpermissive temperature of 40°C. The gene expression profile of arrested tsBN67 cells suggests a G 0 /G 1 arrest (8, 26) . Consistent with a G 0 /G 1 arrest, the pRb protein is in its active G 0 /G 1 hypophosphorylated state in arrested cells (26) . Unlike G 0 /G 1 cells, however, a subset of the arrested tsBN67 cells contains two or more nuclei, suggesting a defect in cytokinesis upon exit from mitosis (26) .
The temperature-induced proliferation and cytokinesis defects of tsBN67 cells are due to a single missense mutation (P134S) in the HCF-1 VP16 interaction domain, which also disrupts VP16 binding to HCF-1, consistent with VP16 targeting a cell proliferation activity (8, 43) . With an asynchronous tsBN67 cell population, HCF-1 dissociates from chromatin after the cells are allowed to proliferate for 12 to 18 h at a nonpermissive temperature, well before the arrest occurs, suggesting that the loss of HCF-1-chromatin association is a pri-mary cause of the cell proliferation defect in tsBN67 cells (43) . The requirement for HCF-1 association with chromatin can be bypassed, however, because spontaneous proliferation revertants of tsBN67 cells (called tsBN67rev cells) can proliferate in the absence of HCF-1-chromatin association (26) . These tsBN67 cells also display fewer cytokinesis defects, suggesting that the roles of HCF-1 in proliferation and cytokinesis are related (26) .
The dispensability of an HCF-1 activity in the tsBN67rev cells suggests that HCF-1 plays a regulatory role in cell cycle progression that can be compensated for by other genes. To identify specific genes that are able to rescue the HCF-1 defect in tsBN67 cells, we have asked whether oncogenes that promote cell proliferation, such as the DNA tumor virus early genes, can overcome the temperature-sensitive HCF-1 defect in tsBN67 cell proliferation and cytokinesis. We have found that, indeed, SV40 and adenovirus early-gene products can rescue long-term tsBN67 cell proliferation and cytokinesis defects at nonpermissive temperatures in the absence of HCF-1-chromatin association. The ability of the SV40 large T antigen (Tag) and adenovirus E1A oncoproteins to inactivate members of the pRb protein family-pRb, p107, and p130-is critical for their rescue of tsBN67 cells.
MATERIALS AND METHODS
Cell culture. All cells were maintained in Dulbecco's modified Eagle's medium with 10% fetal bovine serum under 7.5% CO 2 . Unless otherwise noted, transfected tsBN67 cells and derivatives were selected with 4 or 2 g of puromycin (Sigma) per ml at 33.5 or 40°C, respectively. The tsBN67 cells used in these studies were of the tsBN67 HR1 subclone (26) .
Plasmids and coding sequences. The expression vector used in these analyses, pBABEpuroXBC, is described elsewhere (26) . Sequences of potential rescue genes, from the second codon to the stop codon, were cloned into pBABEpuroXBC between the SpeI and BamHI sites. All sequences were amplified by PCR to engineer appropriate restriction sites. The genomic sequence containing the SV40 early-region genes was cloned into pBABEpuroXBC as a 2.4-kb PCR fragment to give pBABEpuroXBC-SV40e, which extends from the second codon to the stop codon of Tag. The same primers were used to amplify the wild-type and mutant Tag cDNAs. The Tag cDNA mutants used were 5110 (34), 3213 (31) , and 5031 (24) , which are mutated in the J domain, pRb-binding motif, and p53-binding region, respectively. The adenovirus E1A 12S mutants used were the ⌬2-36 and the ⌬120-140 mutants (11) . The yellow fluorescent protein (YFP) expression vector, pEYFP, is described elsewhere (2) .
Colony formation assay. To assay colony formation, 10 5 cells were seeded onto 10-cm-diameter plates at 33.5°C. The next day, cells were transfected by CaPO 4 coprecipitation. Briefly, plasmids were mixed to a final concentration of 80 ng/l, with pUC119 as the carrier, in a 260-l solution of 10 mM Tris·HCl-0.1 mM EDTA. This DNA solution was then mixed with 260 l of 500 mM CaCl 2 -0.1 mM EDTA-1 mM Tris·HCl, pH 7.2, and combined dropwise into 520 l of 280 mM NaCl-1.5 mM NaP0 4 -50 mM HEPES·NaOH, pH 7.1. The samples were left to precipitate for 20 min at room temperature, after which 1 ml was added per plate of cells. After 20 h, the medium was removed and the precipitate was rinsed off with 2 mM EGTA in phosphate-buffered saline (PBS). Twenty-four hours after removal of the precipitate, cells from each plate were trypsinized and resuspended in 10 ml of medium. Equal fractions representing 10 to 25% of each suspension were then used to seed a series of 6-cm-diameter plates and maintained under selection conditions for 10 days at 33.5°C or for 14 days at 40°C. Plates were fixed with 4% formaldehyde in PBS, and colonies were visualized by staining with 0.01% crystal violet.
S-phase assay. tsBN67 cells were seeded onto glass coverslips on 3-cm-diameter plates at 10 4 cells per plate. The next day, cells were transfected by CaPO 4 coprecipitation (see above) with 40 ng of pEYFP and 10 g of the appropriate pBABEpuroXBC expression vector. Immediately after removal of the precipitate, plates were transferred to 40°C and maintained for 72 h, at which time the medium was changed to medium containing 100 g of bromodeoxyuridine (BrdU) (Sigma) per ml and returned to 40°C for 20 min. Detection of BrdU incorporation was by a modification of protocols described in the work of Spector et al. (30) . Briefly, cells were fixed for 15 min at 20°C with a 2% solution of paraformaldehyde in PBS, permeabilized on ice for 5 min with 0.1% Triton X-100 in PBS, and blocked with 2% bovine serum albumin (BSA; Sigma) in PBS-0.1% Tween 20 (PBS-T). BrdU was then immunologically labeled with concurrent nuclease digestion and antibody incubation in a solution of PBS-T, 0.5% BSA, 2.5 mM MgCl 2 , 100 U of DNase I per ml, and a 1:50 dilution of anti-BrdU antibodies (Pharmingen) for 1 h at 37°C. After washes with PBS-T, the anti-BrdU antibody was detected by probing with a 1:100 dilution of Texas Red-conjugated anti-mouse immunoglobulin G (Amersham) in PBS-T-0.5% BSA for 1 h at 20°C. Slides were subsequently maintained at Ϫ70°C until fluorescence visualization. A minimum of 200 YFP-positive cells was counted for each sample.
Growth curves. Cell lines were seeded onto 6-cm-diameter plates at 2 ϫ 10 4 cells per plate and maintained at 33.5°C for 48 h. Growth curve analysis was subsequently initiated with the addition of fresh medium and transfer of half the plates to 40°C. At the given times, adherent cells were trypsinized and counted.
For comparison between antibiotic-resistant and antibiotic-sensitive cell lines, medium was not supplemented with puromycin.
Immunoblotting. Lysates from transfected tsBN67 cells were prepared after 2 days growth at 40°C. Lysates of untransfected cells were prepared after the given time at 40°C. Proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes by semidry transfer. Membranes were probed with monoclonal antibody PAB419 (4) for Tag expression with anti-HCF-1 N18 peptide antiserum (8) or with monoclonal antibodies against cyclin A (Sigma) or PCNA (Transduction Labs). Protein levels were then detected after probing with secondary horseradish peroxidase-conjugated-anti-immunoglobulin G antiserum (New England Biolabs).
Quantification of cell nucleation. Trypsinized cell suspensions were seeded onto 10-cm-diameter plates at a 1:1,000 dilution from confluent plates. Plates were maintained at 33.5°C for 1 day and then transferred to 40°C for 48 h. Plates were subsequently fixed with 4% formaldehyde in PBS and examined with an inverted phase-contrast microscope at a ϫ200 magnification. In each sample, cells whose nucleation status was not clearly discernible were eliminated from analysis. More than 200 cells were counted for each sample.
Chromatin enrichment fractionation. Small-scale biochemical fractionation was performed as described previously (19, 43) .
RESULTS
The SV40 early region stimulates tsBN67 cell proliferation at nonpermissive temperatures. To identify heterologous genes that might overcome the temperature-induced tsBN67 cell proliferation defect, we selected genes known to stimulate proliferation in other mammalian cells. We first analyzed whether the SV40 early region, which encodes both the SV40 large (Tag) and small (tag) tumor antigens, can rescue tsBN67 growth in a 14-day colony formation assay at a nonpermissive temperature. Figure 1 shows the results of such an assay, where colony formations at the permissive temperature (plates A, C, and E) and the nonpermissive temperature (plates B, D, and F) were assayed for cells from the same transfection. After transfection with an empty vector (plates A and B) or a vector directing synthesis of the HCF-1 N subunit (plates C and D) or the SV40 early-region gene products (plates E and F), transfected cells were selected by growth in the presence of puromycin (see Materials and Methods). For comparison of the relative abilities of genes to rescue the tsBN67 defect, transfections that gave equal transformation efficiencies as gauged by colony formation at the permissive temperature of 33.5°C (plates A, C, and E) were examined ( Fig. 1, legend) .
Consistent with previous results (42), the HCF-1 N subunit was sufficient to induce colony formation at 40°C (Fig. 1 , compare plates B and D). The SV40 early-region gene products also induced colonies at the nonpermissive temperature (plate F). The relative efficiency at which the HCF-1 N subunit and the SV40 early-region gene products induce colonies can vary con- siderably between experiments; in this experiment the relative level of rescue by the HCF-1 N subunit was low. In contrast to the HCF-1 N subunit-rescued colonies, SV40 early-region-rescued colonies are generally small, suggesting that the SV40 early region either cannot fully complement the growth arrest phenotype of tsBN67 cells or has deleterious effects on cell survival such as through induction of apoptosis, in addition to having a positive effect on cell proliferation. Nevertheless, the SV40 early-region suppression of the tsBN67 cell proliferation arrest demonstrates that the HCF-1 defect can be overcome in a long-term growth assay by a specific set of heterologous genes. SV40 large Tag is sufficient to rescue tsBN67 cell proliferation at the nonpermissive temperature. The rescue of tsBN67 cell proliferation at the nonpermissive temperature by the SV40 early region may be due to the activity of SV40 Tag, tag, or both. Because SV40 Tag possesses many growth-promoting functions and is sufficient to transform the parental BHK-21 cells (3), we asked whether it alone is sufficient to rescue the tsBN67 cell proliferation defect in the colony formation assay, as shown in Fig. 2A (panels a to f). Stained plates of cells grown at either 33.5°C (panels a and d) or 40°C (panels b and e) are shown along with an image of a representative unstained colony from the boxed areas in the 40°C plates (panels c and f).
In this experiment, the empty vector control gave a greater degree of background cell growth than is shown in Fig. 1 (compare Fig. 1B and 2A, panel b). As revealed by the micrograph in panel c, however, the dispersed, large, and flattened morphology of the cells is typical of arrested tsBN67 cells at 40°C (26) , indicating that the cells are indeed arrested but at a higher concentration than occurred in the experiment whose results are shown in Fig. 1 .
Compared to the control transfection, Tag induced tsBN67 cell proliferation at the nonpermissive temperature ( Fig. 2A ; compare panels b and e). At 33.5°C, the empty vector control gave a higher number of colonies than transfection of the Tag expression vector (compare plates a and d). Therefore, any stimulation of tsBN67 colony formation by Tag was not due to Figure 2B shows the regions of Tag involved in pRb and p53 inactivation. A major function of the pRb protein family members-pRb, p107, and p130-is to bind to the transcription factor E2F and repress transcription of S-phase-induced genes. Inactivation of the pRb family members by Tag involves the cooperation of two structurally defined regions, the LXCXE motif and the J domain, which inactivate pRb by a two-step mechanism. In the first step, direct binding of Tag to pRb through the LXCXE motif results in partial inactivation of pRb. In the second step, pRb inactivation is completed by the J domain, which activates Hsc70 to dissociate pRb from E2F (12, 33, 34) .
To dissect the requirements of Tag for long-term tsBN67 cell proliferation rescue, we analyzed the activities of three mutant forms of Tag. To examine the role of pRb inactivation, we tested the single-amino-acid substitution D44N in the J domain, which abrogates the ability of Tag to bind to Hsc70 and to dissociate pRb from E2F but does not alter the pRb-or p53-binding activity of Tag (34) , and the double-amino-acid LXCXE replacement E107K and E108K, which disrupts Tag binding to pRb but not p53 (31) . To examine the contribution of p53 inactivation, we tested a clustered 3-amino-acid substitution, D402N, V404M, and V413M, which abrogates the ability of Tag to bind p53 (24) . Figure 2C shows that, after transfection into tsBN67 cells and maintenance at 40°C for 2 days, the wild-type and mutant Tag proteins were synthesized faithfully, albeit at lower levels than with the SV40 early-region expression vector.
In the tsBN67 colony formation assay, the rescue of tsBN67 cell proliferation by the p53-binding-deficient mutant was similar to that of the wild-type Tag protein, both in the number and size of colonies induced at 40°C (Fig. 2A , compare panels e and n) as well as the nature of the colonies and their constituent cells (compare panels f and o). These results suggest that p53 binding and inactivation by Tag is dispensable for rescue of tsBN67 cell proliferation at nonpermissive temperatures. In contrast, the pRb-binding-deficient Tag mutant failed to induce any more robust colony formation than did the empty vector control (Fig. 2A , compare panels b and k) and these colonies contained cells with a dispersed, large, and flattened morphology similar to that of the temperature-arrested tsBN67 cells (compare panels c and l). The J domain mutant displayed an intermediate phenotype: compared to wild-type Tag, it was partially deficient in the rescue of tsBN67 colony formation (compare panels e and h), but unlike with the pRbbinding-deficient Tag mutant, the cells expressing the J domain mutant had the small size more characteristic of wild-type Tag-rescued tsBN67 cells (compare panels c, f, and i). This intermediate phenotype may reflect the possibility that the J domain Tag mutant binds to pRb but that it does not dissociate pRb from E2F (12) . Together, these results indicate that inactivation of pRb family members is important for rescue of long-term tsBN67 cell proliferation at nonpermissive temperatures as measured by colony formation.
Suppression of the tsBN67 S-phase defect by SV40 Tag. The colony formation assay is a stringent assay for long-term cell proliferation that requires not only cell division but also subsequent cell survival and adhesion to the plate. For example, a heterologous gene could induce tsBN67 cells to proliferate (i.e., enter S phase) but at the same time induce apoptosis such that "proliferating" cells fail to survive. Because there is a paucity of S-phase cells in temperature-arrested tsBN67 cells (8, 26) , we used a short-term assay for cells in S phase to directly measure support of cell cycle progression by wild-type and mutant Tag.
In this assay, we transfected the gene of interest along with a small amount of plasmid directing the synthesis of YFP as a transfection marker into tsBN67 cells. We then placed the transfected cells at 40°C for 3 days to induce tsBN67 cell proliferation arrest. At this time, the cells were pulse-labeled for 20 min with BrdU, and following fixation, cells in S phase were visualized by fluorescent BrdU immunostaining. Cells in S phase were quantified in the YFP-positive cell population to eliminate untransfected cells from the analysis. Table 1 shows the results of three BrdU incorporation assays and the averages thereof, using the SV40 early region and wild-type and mutant forms of Tag. When the YFP-encoding gene was cotransfected with the empty vector, there was an average of 2.2% BrdU-positive S-phase cells. This percentage is similar to the percentage seen in untreated tsBN67 cells or in the untransfected, YFP-negative population in this same sample (data not shown), suggesting that there is no significant effect of successful transfection on the number of tsBN67 cells incorporating BrdU. With transfection of the plasmid encoding the HCF-1 N subunit, there was a large increase in BrdUpositive cells (24%). Remarkably, the SV40 early region (22.5%) and Tag alone (23%) rescued S phase to levels similar to those seen with the HCF-1 N subunit. These levels of S-phase cells approximate the percentage of S-phase cells in a proliferating tsBN67 cell population at the permissive temperature (26), indicating that, unlike during long-term colony formation, SV40 Tag can suppress the mutant HCF-1-induced tsBN67 S-phase defect at nonpermissive temperatures as well as the HCF-1 N subunit. This result also indicates that Tag is at saturating levels in this assay because the plasmid encoding the SV40 early region expresses Tag at much higher levels than the plasmid encoding Tag alone (see Fig. 2C ). The analysis of the Tag mutants shows that the p53-bindingdeficient form of Tag, which induced colony formation to near wild-type levels, stimulated S phase effectively, albeit at an intermediate level compared to that of wild-type Tag (11 versus 23%). This twofold difference may be due to the lower levels of synthesis of this particular Tag mutant in transfected tsBN67 cells (Fig. 2C) . Nevertheless, taken together, the shortterm S-phase and long-term colony formation assays demonstrate that p53 binding and inactivation by Tag are dispensable for maintenance of tsBN67 cell proliferation at nonpermissive temperatures.
Consistent with the colony formation assay, the pRb-binding-deficient Tag mutant was the most defective in the S-phase induction assay, yielding only an average twofold increase over background (4.5%). Thus, consistent with the inability to rescue tsBN67 colony formation at 40°C, mutation of the LXCXE motif in Tag severely attenuates its ability to rescue short-term tsBN67 cell proliferation at nonpermissive temperatures.
In contrast, the J domain Tag mutant displayed very different activities in the colony formation and S-phase assays. Whereas this mutant gave an intermediate response in the colony formation assay ( Fig. 2A) , in the S-phase assay, it was very active, yielding an average of 18% S-phase-positive cells. Combined with the results of the pRb-binding-deficient Tag mutant, these results suggest that partial inactivation of pRb family members is sufficient for tsBN67 cells to enter S phase after 3 days at a nonpermissive temperature but that complete inactivation of pRb family members is required for long-term survival of proliferating tsBN67 cells at nonpermissive temperatures. pRb-binding forms of the adenovirus E1A protein can also suppress the tsBN67 cell proliferation defect at nonpermissive temperatures. Since pRb inactivation is a common feature of DNA tumor viruses, we tested whether the adenovirus type 5 E1A 12S protein is also able to rescue tsBN67 cell proliferation arrest. To do so, we expressed the full-length wild-type E1A 12S protein as well as two well-characterized deletion mutants. Figure 3A shows a schematic representation of the E1A 12S protein denoting the regions deleted from the two mutants along with the proteins whose association with the E1A 12S protein are disrupted by each deletion. ⌬N removes E1A 12S amino acids 2 to 36 and is defective for binding the transcriptional coregulators p300, CBP, and the p400 complex (7, 11, 32) , whereas ⌬CR2 removes E1A conserved region 2 (CR2), which spans amino acids 120 to 140, and is defective for binding to pRb family members (11) .
As shown in Fig. 3B , in the same assay used to analyze the Tag mutants ( Fig. 2A) , at the nonpermissive temperature both wild-type E1A 12S and the ⌬N mutant form induced tsBN67 colony formation (compare plate b to plates e and h) as well as the small-cell morphology typical of rescued tsBN67 cells (compare panel c to panels f and i). Thus, these two forms of E1A 12S that possess the ability to associate with and inactivate pRb family members were able to suppress tsBN67 growth arrest in the long-term colony formation assay. Deletion of CR2, however, abrogated the ability of E1A 12S to induce colony formation (panel k) and the small-cell morphology (panel l). Indeed, this mutant displayed a dominant effect on tsBN67 cell growth at the nonpermissive temperature, as illustrated by the decrease in the number of arrested cells and their unique morphology (compare panels c and l). Thus, activities of the ⌬CR2 mutant (e.g., p300, CBP, and p400 complex binding) may have deleterious effects on cells that lack HCF-1 activity. In any case, as with SV40 Tag, the ability of E1A 12S to rescue the tsBN67 cell proliferation defect correlates with its ability to inactivate pRb family members.
Persistent and stable growth at the nonpermissive temperature of tsBN67 cells carrying the SV40 early region. To further characterize the ability of the SV40 early region to rescue tsBN67 cell proliferation at a nonpermissive temperature, we isolated an SV40 early-region-rescued tsBN67 cell line, tsBN67 SV40e , which arose in a colony formation assay with the SV40 early-region construct. Additionally, we isolated an HCF-1 N subunit-rescued tsBN67 cell line, tsBN67 HCF-1N , which similarly arose in a colony formation assay. The growth characteristics of these tsBN67 derivatives, alongside BHK-21 and tsBN67 cells, are shown in Fig. 4 . Consistent with previous results, at 33 .5°C (Fig. 4A ) BHK-21 cells and tsBN67 cells have similar growth rates (8, 22) . The tsBN67 HCF-1N cells also display wild-type BHK-21 growth characteristics, indicating that synthesis of the HCF-1 N subunit alone does not have a deleterious effect on cell growth at permissive temperatures. The tsBN67 SV40e cells grew at normal rates during the first 24 h of the analysis but, for unknown reasons, they grew reproducibly more slowly thereafter owing to a decrease in growth rate between 24 and 48 h of this growth curve. At 40°C (Fig. 4B) , the tsBN67 cells displayed the characteristic tsBN67 cell proliferation arrest (8, 22, 26, 43) . For 24 h, they grew identically to BHK-21 cells, after which the growth rate of these cells slowed dramatically until there was a nearcomplete cell proliferation arrest by 60 h. In contrast, both the BHK-21 and tsBN67 HCF-1N cells proliferated similarly throughout the 72-h time course. The tsBN67 SV40e cells also proliferated throughout the 72-h time course, although consistently at a rate lower than that of the BHK-21 cells or, indeed, of the tsBN67 cells during the first 24 h of the time course. Importantly, in contrast to the tsBN67rev cells described previously (26) , the growth rate of the tsBN67 SV40e cells did not change at the time at which the tsBN67 phenotype is initially manifest, i.e., after 24 to 48 h at 40°C, indicating that the SV40 early region can fully complement the short-term tsBN67 HCF-1 defect in tsBN67 cells. There was a decrease in growth rate after 60 h, but this decrease was not unique to the tsBN67 SV40e cells and is probably because the cells were not refed during the course of the experiment. Thus, the tsBN67 SV40e cell line displays a growth pattern similar to that of the BHK-21 or tsBN67 HCF-1N cell line, albeit with slower kinetics. The reason for the slower proliferation (e.g., slower doubling time or increased apoptosis) of tsBN67 SV40e cells is not known.
Rescue of E2F-responsive gene expression in the SV40 earlyregion-rescued tsBN67 cells. The tsBN67 arrest phenotype is characterized by reduced protein levels of E2F-responsive genes, including cyclin A, PCNA, and CDK2 (5, 14, 26) . We, therefore, examined whether the tsBN67 SV40e cells demonstrate a rescue of E2F-responsive gene expression consistent with the inactivation of pRb family members. By immunoblot analysis, the results of which are displayed in Fig. 5 , we found that the tsBN67 SV40e cells had higher levels of cyclin A and PCNA (lane 6) after growth at the nonpermissive temperature than the original tsBN67 cells (lane 4) grown at the nonpermissive temperature. Similar results were obtained for CDK2 (data not shown). These results are consistent with the activation of E2F-responsive promoters in the tsBN67 SV40e cells.
The SV40 early region can rescue the temperature-sensitive tsBN67 cytokinesis defect. In temperature-arrested tsBN67 cells, loss of HCF-1 function also causes an increase from about 5 to 20% of the cells containing two or more nuclei. To examine whether the SV40 early region can rescue this tsBN67 cytokinesis defect, we examined the number of cells with two or more nuclei arising in populations of BHK-21, tsBN67, and tsBN67 SV40e cells maintained at 33.5°C or 40°C for 48 h. The 6.0%) in the number of multinucleated cells after incubation at 40°C. These results indicate that expression of the SV40 early region in tsBN67 cells, in addition to rescuing the cell proliferation defect, can also rescue the temperature-induced cytokinesis defect in these cells. The SV40 early region bypasses the requirement for HCF-1 N subunit chromatin association in tsBN67 cells. In stimulating tsBN67 cell proliferation at nonpermissive temperatures, the SV40 and adenovirus oncoproteins may be suppressing the HCF-1 defect either by (i) activating an HCF-1 function that is lost in the tsBN67 cells or (ii) bypassing the requirement for this function. Because HCF-1-chromatin association likely represents an essential HCF-1 function in tsBN67 cell proliferation, we asked whether HCF-1 is associated with chromatin in tsBN67 SV40e cells proliferating at the nonpermissive temperature. For this analysis, cells were fractionated as described previously (19, 43) into two fractions-a soluble largely cytosolic fraction called S2 and a chromatin-enriched fraction called P3-and analyzed by immunoblot analysis (43) .
The results of such an experiment are shown in Fig. 7 . As described previously, the wild-type HCF-1 N subunits in BHK-21 cells are largely found in the chromatin-enriched P3 fraction at both 33.5°C (Fig. 7, lanes 1 and 2) and after 36 h at 40°C (lanes 3 and 4) whereas the mutant HCF-1 N subunits in tsBN67 cells are associated with chromatin only at 33.5°C (lanes 5 to 8). Consistent with the hypothesis that HCF-1-chromatin association is important for tsBN67 cell proliferation and with the chromatin association of the HCF-1 N subunit in HeLa cells proliferating at 37°C (43) , in human HCF-1 N -subunit-rescued tsBN67 cells proliferating at 40°C, the HCF-1 N subunit was found in the chromatin-enriched P3 fraction (data not shown). In contrast, fractionation of the tsBN67 SV40e cells showed that, similar to what occurs in tsBN67 cells, the presence of the endogenous HCF-1 N subunits in the chromatin-enriched P3 fraction was temperature sensitive (compare lanes 9 to 12) and the protein was predominantly in the soluble cytosolic fraction when the cells were grown at 40°C for 36 h (compare lanes 11, and 12). The retention of this HCF-1 N subunit defect in tsBN67 SV40e cells proliferating at the nonpermissive temperature indicates that the SV40 early region can bypass the chromatin association requirement for the HCF-1 N subunit. 
DISCUSSION
In the studies described above, we demonstrate that products of DNA tumor virus oncogenes, namely SV40 Tag and adenovirus E1A, are able to rescue tsBN67 cell proliferation and inhibit tsBN67-specific cytokinesis defects at a nonpermissive temperature. Further, we demonstrate that this ability correlates closely with the ability of these proteins to inactivate the pRb family of proteins in both long-term colony formation assays and, for Tag, short-term S-phase assays. Importantly, tsBN67 cells rescued by the SV40 early genes do not reacquire HCF-1-chromatin-binding activity at nonpermissive temperatures, suggesting that Tag bypasses the HCF-1 requirement for tsBN67 cell proliferation and proper cytokinesis.
Heterologous rescue of a thermosensitive mammalian cell line has been previously demonstrated by Sekiguchi et al. (28) . They showed that certain genes, including the DNA tumor virus oncogenes E7 and Tag, which function to inactivate pRb family members, are able rescue the TAF1 (previously referred to as TAF II 250) defect in tsBN462 cell proliferation. In contrast to the study described here, however, the molecular basis of that rescue, whether through bypass or activation of the mutant TAF1, was not clarified. The combined results of suppression of temperature-sensitive cell proliferation defects in tsBN67 and tsBN462 by pRb-inactivating oncogenes suggest that inactivation of pRb family members may be a common way to rescue temperature-sensitive mammalian-cell proliferation arrest mutations.
HCF-1 provides a regulatory activity for mammalian-cell proliferation and cytokinesis. In this study, we used colony formation and the maintenance of S-phase cells to assay for the ability of genes to suppress the HCF-1 defect in tsBN67 cells. The use of the 14-day colony formation assay has a limitation in that different aspects of cell growth other than cell proliferation, such as cell adhesion or cell motility, may disrupt the physical formation of colonies. Further, the colony formation assay is more sensitive to deleterious effects of introduced genes such as induction of apoptosis, which is a common effect of proliferation-inducing genes (6, 18, 44) . The short-term Sphase assay avoided this problem, although it does not measure cell proliferation per se over extended periods. The combined results of these two assays show that the pRb-binding properties of SV40 Tag can promote tsBN67 cell cycle progression and long-term cell proliferation at nonpermissive temperatures.
The role of HCF-1 in cell proliferation has been enigmatic. The viral early proteins used in this study remodel the host cell by altering cell regulation, i.e., by changing gene expression and redirecting cellular resources and not by providing any known metabolic activities. The observation that such regulatory proteins can bypass HCF-1 function supports a model whereby HCF-1 performs a regulatory role in mammalian-cell proliferation.
HCF-1 may function through the pRb family to promote cell proliferation and proper cytokinesis. The ability of SV40 Tag and adenovirus E1A to suppress the tsBN67 cell proliferation defect correlates with their ability to inactivate the pRb family. In both cases, disruption of the common LXCXE pRb-familymember-binding motif, in Tag (Fig. 2) and E1A (Fig. 3) , abrogates the ability of these proteins to rescue tsBN67 cell proliferation. Thus, binding to pRb family members may be essential for these proteins to rescue tsBN67 cell proliferation.
Furthermore, an inactivation of the Hsp70 activation function of the Tag J domain, which is required for the complete inactivation of pRb family members by Tag (12, 33, 34) , inhibits rescue of tsBN67 cell proliferation at nonpermissive temperatures. It is not clear why this mutation shows stronger specific defects in colony formation than in maintenance of a proliferative-cell morphology (Fig. 2) or S phase (Table 1) in tsBN67 cells at nonpermissive temperatures. Possibly J domain activation of Hsc70 family chaperone activity is beneficial to cell survival at elevated temperatures. Alternatively, binding of the J domain mutant Tag to pRb family members through the intact LXCXE motif may block complete repression of E2F target genes by histone deacetylases and histone methyl transferases (17, 21) but not completely activate the E2F transcription factors by failing to dissociate the pRb family members from the E2F transcriptional activation domain (12, 33) . This circumstance might bring about short-term maintenance of S phase without inducing long-term viability or colony formation. Consistent with this hypothesis, the J domain is dispensable for Tag to induce anchorage-independent growth but is required to induce anchorage-dependent growth at a high density or in a low concentration of serum (35) .
Although we have not defined the minimum Tag requirements for tsBN67 rescue, the dramatic loss of activity with the pRb-binding-deficient form of Tag and the efficiency at which the E1A ⌬N mutation rescues cell proliferation suggest that pRb family inactivation may be the sole requirement for the bypass of HCF-1 dysfunction in tsBN67 cells. Consistent with the suggestion that tsBN67 cells arrest proliferation because the pRb family of proteins is inappropriately activated, in tsBN67 cells maintained at nonpermissive temperatures, pRb is present at normal levels but there is a reduction in phosphorylation (26) , suggesting either reduced phosphorylation of pRb or enhanced dephosphorylation of pRb in these cells. Cellular phosphorylation of the pRb family is controlled by complex mechanisms, which integrate both positive and negative regulatory signals to signal appropriate cell proliferation (25, 29, 37) . Thus, it is likely that HCF-1 functions in a regulatory pathway that influences the levels of pRb family protein phosphorylation.
pRb family inactivation leads to coincident suppression of cell proliferation and cytokinesis defects in tsBN67 cells at nonpermissive temperatures. A coincident partial suppression of cell proliferation and cytokinesis defects has previously been noted in spontaneously revertant tsBN67rev cells, in which multiple uncharacterized genetic or epigenetic changes may bypass HCF-1 function (26) . The coincident suppression of both the cell proliferation and cytokinesis defects in the tsBN67 SV40e cell line indicates that a single genetic event and likely a single activity, namely, inactivation of the pRb family, can bypass the requirement for HCF-1 in both cell proliferation and execution of faithful mitosis. Thus, the role of HCF-1 in cell proliferation is intimately connected to its role in a cell's exit from mitosis.
Because mitosis is marked by a rapid and regulated dephosphorylation of pRb (27, 35) and because of the important role of the pRb family in G 0 /G 1 control (37), it is likely that timely activation of pRb is critical in the M-to-G 0 /G 1 transition. Pre-cocious pRb family activation, caused by loss of HCF-1 function in tsBN67 cells, may explain the cytokinesis defect as well as the arrest of the majority of tsBN67 cells in the G 0 /G 1 phase of the cell cycle. Consistent with a role for HCF-1 in pRb dephosphorylation, HCF-1 has been shown to associate with the catalytic subunit of protein phosphatase 1 (PP1) (1), which is responsible for pRb dephosphorylation (35) . Indeed, Ajuh et al. (1) showed that HCF-1 inhibits the ability of PP1 to dephosphorylate a target protein-phosphorylase a. Although this substrate is unrelated to pRb, these connections suggest at least one means by which HCF-1 may regulate pRb phosphophorylation levels. Through constitutive inactivation of pRb, SV40 Tag and adenovirus E1A may bypass inappropriate activation of pRb during mitosis and thus allow appropriate mitosis and cell proliferation to proceed. Whichever the mechanism, the results described here are consistent with an active role of the pRb family of proteins during mitosis, particularly cytokinesis.
The particular means by which HCF-1 functions to regulate pRb phosphorylation, cell proliferation, and cytokinesis remains to be identified. The requirement for HCF-1 function, however, in mitosis and cell proliferation can be bypassed by viral oncogenes that inactivate the pRb family. This suppression by regulatory proteins supports a model in which HCF-1 is a regulatory molecule in mammalian-cell division and proliferation.
